Cross-plane Conductance through a Graphene/Molecular Monolayer/Au Sandwich by Li, Bing et al.
 
 
University of Birmingham
Cross-plane Conductance through a
Graphene/Molecular Monolayer/Au Sandwich
Li, Bing; Albrecht, Tim; Famili, Marjan; Pensa, Evangelina; Grace, Iain Mark; Long, Nicholas
J.; Lambert, Colin; Cohen, Lesley
DOI:
10.1039/C8NR06763E
License:
None: All rights reserved
Document Version
Peer reviewed version
Citation for published version (Harvard):
Li, B, Albrecht, T, Famili, M, Pensa, E, Grace, IM, Long, NJ, Lambert, C & Cohen, L 2018, 'Cross-plane
Conductance through a Graphene/Molecular Monolayer/Au Sandwich', Nanoscale.
https://doi.org/10.1039/C8NR06763E
Link to publication on Research at Birmingham portal
Publisher Rights Statement:
Final Version of Record available at: http://dx.doi.org/10.1039/C8NR06763E
Restrictions on further re-use and further distribution apply
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 01. Mar. 2020
This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.
Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.
You can find more information about Accepted Manuscripts in the 
author guidelines.
Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the ethical guidelines, outlined 
in our author and reviewer resource centre, still apply. In no 
event shall the Royal Society of Chemistry be held responsible 
for any errors or omissions in this Accepted Manuscript or any 
consequences arising from the use of any information it contains. 
Accepted Manuscript
rsc.li/nanoscale
Nanoscale
www.rsc.org/nanoscale
ISSN 2040-3364
PAPER
Qian Wang et al.
TiC2: a new two-dimensional sheet beyond MXenes
Volume 8 Number 1 7 January 2016 Pages 1–660
Nanoscale
View Article Online
View Journal
This article can be cited before page numbers have been issued, to do this please use:  B. Li, M. Famili, E.
Pensa, I. M. Grace, N. J. Long, C. Lambert, T. Albrecht and L. Cohen, Nanoscale, 2018, DOI:
10.1039/C8NR06763E.
Nanoscale  
ARTICLE 
This journal is © The Royal Society of Chemistry 20xx Nanoscale, 2018, xx, x-x | 1  
Please do not adjust margins 
Please do not adjust margins 
Received 00th August 2018, 
Accepted 00th January 20xx 
DOI: 10.1039/x0xx00000x 
www.rsc.org/ 
Cross-plane Conductance through a Graphene/Molecular 
Monolayer/Au Sandwich 
Bing Li
a, †, *
, Marjan Famili
b, †
, Evangelina Pensa
c
, Iain Grace
b
, Nicholas J. Long
c
, Colin Lambert
b
, Tim 
Albrecht
c, &
, Lesley F. Cohen
a
 
Abstract: The functionalities offered by single-molecule electrical junctions have yet to be translated into monolayer or 
few-layer molecular films, where effective and reproducible electrical contact represents one of the challenging 
bottlenecks. Here we take a significant step in this direction by demonstrating that excellent electrical contact can be 
made to a monolayer biphenyl-4, 4’-dithiol (BPDT) molecular film, sandwiched between gold and graphene electrodes. 
This sandwich device structure is advantageous, because the current flows through the molecules to the gold substrate in 
a ‘cross-plane’ manner, perpendicular to the plane of the graphene, yielding high-conductance devices. We elucidate the 
nature of cross-plane graphene/molecule/Au transport using quantum transport calculations and introduce a simple 
analytical model, which captures generic features of the current-voltage characteristic. Asymmetry in junction properties 
results from the disparity in electrode electrical properties, the alignment of the BPDT HOMO-LUMO energy levels and the 
specific characteristics of the graphene electrode. The experimental observation of scalability of junction properties within 
the junction area, in combination with a theoretical description of the transmission probability of the thiol-graphene 
contact, demonstrate that between 10%-100% of the molecules are contacted to the electrodes, which is several orders of 
magnitude greater than achieved to date in the literature.
1. Introduction 
Single-molecule electronic devices, have been widely studied 
as a possible route to drive Moore’s Law to the next level of 
sub-10 nm electronics.
1-3
 Various methods have been used to 
explore electron transport characteristics of molecular 
structures, including scanning tunnelling microscopy,
4
 
mechanical break junctions and eutectic gallium–indium 
junctions.
5, 6
 At the single-molecule level, quantum 
interference effects are particularly evident and open up many 
possibilities for functional design of electronic and 
thermoelectric devices. 
7, 8
 However, for many of these 
applications, those features that are attractive at the single 
molecular level, should be scaled up to self-assembled 
molecular (SAM) films without losing the single-molecule 
functional advantages through inhomogeneous broadening, 
intermolecular interactions and defects.
9
 For the study of 
vertical transport through SAM layers, direct evaporation of a 
metal top electrode onto organic molecules has not proved 
feasible as it leads to short circuits via pinholes in the organic 
layer. Various attempts have been made to overcome this 
problem, such as the addition of a conducting protective layer 
between the organic molecules and the top electrode.
10-12
 
Also, a mechanically transferred electrode has recently been 
reported to replace the direct formation of the metal 
electrode onto the SAM.
13
 Nevertheless, a widespread 
observation is that scale up of junctions to practical device 
dimensions produce irreproducible properties that vary with 
the electrode choice. Moreover, it is observed that the 
(apparent) resistance per molecule increases by up to a factor 
of 10
8
 in large area junctions (consisting of 10
3
 to 10
8
 
molecules) .
14-16
 These observations strongly suggest that for 
most large scale junction architectures the number of 
molecules that make electrical contact to the electrode are 
fractions of a percent and the contacting becomes increasingly 
inefficient as the junction area increases. In addition, in an 
attempt to mitigate this problem, the unique properties of the 
organic molecules can be lost by the addition of a protective 
layer, and/or the minimum thickness of the transferred metal 
forming the top contact may limit miniaturization of the 
molecular devices. Graphene, as a monolayer of sp
2
 - 
hybridised carbon atoms,
17
 offers an opportunity in this regard 
as it presents electron mobility of up to 10
6
 cm
2
V
-1
 s
-1
 at room 
temperature,
18
 ultralow resistivity, 
19
 ultrahigh breaking 
strength of 1 TPa and a controllable doping level.
20
 However to 
date, there have only been a few reports in the literature using 
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low-dimensional carbon based materials as electrodes for solid 
state vertical transport devices.
21
 In particular graphene and its 
derivative oxide have been found to be a useful electrode.
22
 
However, a limitation is that such oxide flakes cannot be easily 
scaled up to large area arrays of nano-patterned devices in a 
controllable way (due to the randomly distributed oxygen 
moieties) or their studies focus on the impact of different 
molecular orientation and structure rather than electrical 
contacts.
23
 
Our aim in the present work is to study the tunnelling 
current through a SAM layer sandwiched between two 
electrodes and to demonstrate that excellent electrical contact 
can be achieved. For this purpose, we sandwich a monolayer 
biphenyl-4, 4’-dithiol (BPDT) molecular film, between gold and 
graphene electrodes (see Figure 1 (a) and (b)) and measure the 
cross-plane current flowing perpendicular to the plane of the 
graphene, through the SAM and the gold. The aim of this study 
is to understand the fundamental characteristics of such 
graphene/SAM/Au devices. We chose BPDT for the molecular 
layer, because the single-molecule electrical conductance of 
BPDT has been measured (here and previously) and calculated 
and it is known to form a tightly packed SAM on gold.
24, 25
 
In addition to detailed characterisation of the 
graphene/BPDT/Au sandwiches, we carry out calculations of 
their electrical conductance using density functional theory 
(DFT) combined with quantum transport theory. We also 
develop a simple analytical model, which captures the key 
features of room-temperature transport through such devices 
and enables qualitative understanding of device 
characteristics. 
2. Experimental 
 
2.1 STM Measurement 
The conductance of Au/BPDT/Au system were measured by 
STM current-distance (I(s)) technique in air, with an Agilent 
5100 STM operated using Pico View 1.14.
26
 For these 
experiments a low-density layer of BPDT was prepared and 
then repeatedly probed by approaching and retracting the 
STM tip while recording the tunnelling current. Typically, this 
yielded a mixture of I(s) traces with and without molecular 
signatures, which then needed to be separated. After vector-
based classification and clustering,
27, 28
 we extracted a BPDT-
related sub-population in the data. STM tips were fabricated 
by electrochemical etching of 0.25 mm wire (99.9999%, Good 
Fellow) in HCl / EtOH via the method of Wang et al.
29
 See SI. 1 
for further details. 
 
2.2 Cyclic voltammograms (CVs) 
CVs were recorded with a CHI760C potentiostat (CH 
Instruments, United States). A conventional three-electrode 
cell was employed with a Pt coil as counter electrode and a 
Ag/AgCl (sat) reference electrode. The Au (111) working 
electrode was modified with BPDT and the electrolyte 
degassed with Ar for at least 20 minutes before the 
measurement. An Ar atmosphere was maintained throughout. 
CVs were collected at room temperature (~25 °C) in 0.1 M 
NaOH aqueous solution.  The potential was scanned from -0.3 
V to -1.3 V at 0.1 V s
-1
. 
 
2.3 Device Fabrication 
Fabrication of electronics and selective immobilisation of SAM 
were achieved using standard photolithograph process. 
Monolayer chemical vapour deposited (CVD) graphene was 
purchased from Graphenea (Spain) and transferred following 
the wet transfer procedures (as detailed in SI. 2). All the other 
chemicals, such as BPDT, ammonium persulfate and Poly 
(methyl methacrylate) (PMMA), etc. at biochemical grade 
were purchased from Sigma Aldrich (Dorset, UK). 
 
2.4 Device Characterisation 
The vertical transfer characteristics of the graphene/BPDT/Au 
junction were characterized using a home designed four-probe 
measurement system, as shown in Figure 1 (a). The dimension 
of graphene/BPDT/Au junction varies from 6 x 6 µm to 18 x 18 
µm. Both the current and the first derivative of the current 
with respect to the voltage were directly recorded with an AC 
modulation bias of 10 mV at a frequency of 23 Hz.  
Non-contact Kelvin probe force microscopy (KFM) was 
used to analyse the local work function and the topography of 
the graphene/BPDT/Au junction, directly correlating the two. 
Measurements were performed with a Pointprobe-plus 
electrical force microscopy tip (tip and detector side are 
coated with Pt/Ir, resonant frequency 45 - 115 kHz, k = 0.5 – 
9.5 N/m). All KFM scans were conducted with a drive 
amplitude of 3746 mV and a lift height of 25 nm. A confocal 
scanning Raman microscope (WiTec Alpha 300 system) with 
633 nm excitation and a 100 x objective (0.9 NA) was used to 
characterise the quality and the doping condition of 
transferred CVD graphene. 
 
2.5 Theoretical Calculations 
To gain insight into the transport properties of 
graphene/molecule/Au junctions, the geometry of the isolated 
molecule was optimised using the SIESTA implementation of 
density DFT method.
30
 The geometry of each contact (BPDT 
with gold and BPDT with graphene), was optimised in the 
vicinity of a Au (111) surface and a graphene sheet separately. 
Thiol anchor groups bind to gold by losing the hydrogen and 
forming a covalent bond. Finally, a system with Au/BPDT/Au 
contact and graphene/BPDT/Au contact was constructed and 
the geometry of the system was optimised using the same 
method. The mean field Hamiltonian obtained from DFT, was 
combined with our quantum transport calculation code, 
GOLLUM to calculate the Green’s function GE  in the 
presence of the electrodes.
31
 The transmission coefficient 
TE of electrons of energy E passing from the graphene to 
gold electrodes is calculated using 
TE = Trace[GEΓEG	EΓE  where Γ,E =
iΣ,E − Σ,E	is the self-energy due to the contact 
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between the molecule and the electrodes.  More details of the 
theoretical method are provided in SI. 3. 
3. Results and Discussion 
First, we studied the single-molecule conductance of 
Au/molecule/Au junctions by analysing the distance-
dependent tunneling current (I (s) traces) at a low coverage 
BPDT/Au (111) samples. Figure S1 (a) in Section 1 of 
Supplementary Information (SI. 1) shows the typical I(s) traces 
with (red) and without (black) molecular junction formation. 
The statistical analysis of traces containing plateaus is shown 
in Figure S1 (b and c). A most probable current value of 0.91 
nA (equivalent to 1.82 nS) was found, in good agreement with 
the conductance value obtained by Haiss et al using the I (t) 
method (1.65 nS).
32
 This is slightly lower than the value of 13.2 
nS determined Mishchenko et al.,
33
 which was however 
recorded in a solvent environment (1:4 (v/v) mixture of 
tetrahydrofuran/mesitylene) using the STM break-junction 
technique.  Hence, the difference in the observed values was 
not unexpected. 
Details of the steps of our macroscopic junction fabrication 
are presented in the SI. 2. To characterise precisely the 
conductance across graphene/BPDT/Au sandwiches, individual 
devices are designed in a four-probe configuration. The 
horizontal bottom electrode is made of Cr (2 nm) /Au (60 nm) 
on top of SiO2/Si substrate, while the top graphene electrode 
is located between two gold contacts. The current imposed 
between one pair of graphene/Au arms and the voltage drop is 
measured across the other pair, as shown in Figure 1 (a).  
Due to the π – π interaction between parallel benzene 
rings in BPDT molecules, the molecular layer is packed tightly 
onto the surface of gold electrode, rendering short-circuit 
between the graphene and gold electrodes less likely, as 
shown in Figure 1 (b). To model the flow of electrons from the 
gold electrode, through BPDT to the planar graphene 
electrode, Figure 1 (c) shows a unit cell of the system analysed 
using density functional theory (DFT). Each unit cell contains a 
single BPDT molecule and the whole structure is repeated 
periodically. All electronic properties of the system is obtained 
by summing over k-points in the plane of the graphene (The 
details of the theoretical approach are given in SI. 3). 
Figure 1 (d) shows the measured current-voltage (I-V) 
characteristic of an 18 × 18 μm
2
 graphene/BPDT/Au device, 
Figure 1 (e) presents the corresponding differential 
conductance dI/dV and Figure 1 (f) demonstrates how the zero 
bias conductance varies with junction width. The scaling is 
close to that expected from the variation of the junction area, 
which strongly suggests a rather uniform connectivity of 
molecules to the graphene top contact particularly for the 
smaller junctions. The zero-bias conductance of the 18 × 18 
μm
2
 junction is estimated to be GSAM ≈ 3 × 10
-3
 S (the value of 
conductance at V=0 in Figure 1(e)). To obtain the average zero-
bias conductance per molecule GM of the SAM, we first 
estimate the number of molecules (N) in the film and then 
write, GM  = GSAM/N. 
To this end, we carried out cyclic voltammetry analysis, 
which yielded a charge density of (62 ± 2)·10
-6
 C·cm
-2
 (as 
detailed in SI. 1). Therefore, the corresponding number of 
molecules per unit area is, 
Since the area of the SAM is 18 × 18 µm
2
, the total number of 
molecules is N = (1.2 ~ 1.3) × 10
9
 and therefore GM = GSAM/N = 
(2.3 ~ 2.5) × 10
-3
 nS. Ideally, we would like to compare this 
with a direct measurement of the single-molecule 
conductance of BPDT in a single-molecule graphene/BPDT/Au 
device. Unfortunately, such measurement is not 
straightforward: in the absence of a covalent BPDT/graphene 
interaction, this would most likely require a graphene-based 
(flat) 'tip' to contact an individual BPDT molecule immobilised 
on gold. When both electrodes are gold, the measured 
conductance of a single BPDT molecule obtained by STM is 
1.82 nS under ambient conditions (as detailed in SI. 1). 
However, the DFT modelling (see Figure 2 (a)) predicts that the 
conductance of a single BPDT molecule calculated between 
gold and graphene electrodes should be approximately a 
 = 62210
 !	C#cm-2
1.602	  10 '(	C = 3.75~4.00  10!μm / 
(1) 
Figure 1. (a) Optical image (graphene is shown as light grey colour) and (b) cross-section schematic illustration of the vertical transport 
device. (c)  Graphene/BPDT/Au model used for calculations. Representative (d) I-V and (e) dI/dV vs V characteristics of the vertical 
transport device (V=0 indicated by red dash line and offset of the minimum differential conductance indicated by the blue arrow). (f) 
The experimentally determined zero bias conductance (GSAM) versus junction width. The red dash curve is a guide to show the 
expected trend of GSAM with junction area assuming 100% coverage.
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factor of 10
2
~ 10
3
 lower than this value, which leads to a 
calculated GM of GM≈(10-2 ~ 10-3) nS.‡  Comparison with our 
measured value of GM=(2.3 ~ 2.5) × 10
-3
 nS as well as the 
approximate scaling of the conductance with junction area 
(shown in Figure 1(f)), leads us to the conclusion, in contrast to 
many previous results on large area junctions, that between 
10% and 100% of the molecules in our SAM are electrically-
connected to the electrodes. 
To understand the asymmetry in the I-V characteristic of 
Figure 1 and offset of the minimum differential conductance 
(indicated by the blue arrow), we now introduce a generic 
model of cross-plane, single-molecule phase-coherent 
tunnelling in the presence of graphene electrodes (shown in 
Figure 2 (b)), which captures the interplay between the closest 
energy level on the molecule and the Dirac point of the 
graphene. 
 
Figure 2: (a) The predicted room-temperature electrical conductance of a n-doped 
graphene/BPDT/Au junction (blue) and a p-doped graphene/BPDT/Au (pink), divided by 
the room temperature single-molecule conductance of the Au/BPDT/Au junction. (See 
SI. 3 for individual conductance curves). The predicted ratio depends on the doping of 
the graphene and on the precise location of the Fermi energy (EF) relative to the 
frontier orbitals of the molecule. However, over a range of such values in the vicinity of 
the DFT-predicted Fermi energy (shaded in Figure 2 (a)) the ratio varies from 10
-2
 to 10
-
3
. (b) Overview of the parameters involved in the generic model where 0 1, 2 are level 
broadening due to contact with the source and drain and 0 m is maximum energy of the 
molecular orbital. 
To describe this interplay, we recall the Breit-Wigner formula 
for the transmission coefficient T(E) describing electrons of 
energy E passing from a source to a drain via a single molecular 
energy level.
34 
12 = 345467 869459466                                 (2) 
 
In this expression, Γ' and  Γ/ are the level broadening due to 
contact with the source 1 and drain 2, while : is the energy of 
the molecular orbital, shifted slightly by the real part of the 
self-energy due to the contacts. Clearly, when 2 = :, 12 
achieves a maximum value of 
1;<= = 4Γ'Γ/Γ' > Γ// 
 
and for a symmetric junction where Γ' = Γ/, 1;<= = 1. The 
quantity Γ' involves a product of the local density of states in 
the source electrode, the matrix element coupling the 
molecular orbital to the source and the amplitude of the 
molecular orbital in the vicinity of the contact to the source. 
The quantity Γ/ involves corresponding quantities evaluated at 
the drain. If the source is gold, whose the local density of 
states is almost energy independent on the scale of the level 
broadening and kBT, then Γ' is approximately independent of 
energy. On the other hand if the drain is graphene, whose local 
density of states is reduced near the Dirac point, Γ/ is energy 
dependent and has a minimum at the Dirac point. Therefore in 
a graphene/molecule/Au junction Γ/ will depend on both the 
source-drain voltage ?@  and (in a three-terminal device) on the 
applied gate voltage ?A. In general, : will also depend on these 
voltages therefore for a graphene/BPDT/Au device, the 
transmission per molecule will take the form 
 
12, ?A , ?@B = 4Γ'Γ/2, ?A , ?@B2 − :?A , ?@B/ > Γ' > Γ/2, ?A, ?@B/
 (3) 
Where Γ'  and 	Γ/2, ?A , ?@B  are the level broadenings. In a 
pristine monolayer device, 	Γ/ would vanish at the Dirac point, 
but in a real device, due to inhomogeneous broadening, 	Γ/ 
will not vanish precisely. Therefore we assume an energy 
dependence of the form 
 
0/2, ?A , ?@B = 	0C > D[2 − 2@EF<GHI      (4) 
 
In this equation the exponent J  characterizes the energy 
dependence of the average density of states in the graphene, 
whose spatially-averaged Dirac point is 2@EF<G . Since the latter 
can be tuned by both ?@  and ?K  , we assume a simple linear 
dependence 
                 2@EF<G − 2LKMNO = 2C@EF<G − P@|R|?@ − PK|R|?K        (5) 
 
and similarly we write for the location of the molecular orbital 
relative to the Fermi energy of gold, 
                       : − 2LKMNO = :; − S@|R|?@ − SK|R|?A        (6) 
 
Where S@ , SK , P@and PKare the lever arms which depend on 
the geometry of the device. 
If P@ = 1 and ?K=0, then adjusting ?@ 	 does not change the 
charge on the graphene, whereas if P@ T 1, the graphene 
acquires charge when ?@  is non-zero. Since the molecule is 
strongly bound to the gold and very weakly bound to the 
graphene, the energy levels of the molecule are less affected 
by the source-drain voltage and therefore in what follows we 
assume S@ = 0.  The absence of an electrostatic gate in our 
experiments is reflected in the model by choosing SK = 0 and 
PK = 0. The current is then given by, 
 
U?A , ?@B = UCV 12, ?A , ?@B
7WXYZ[ |\|]^
7WXYZ[
|R|?@	_2	 
 (6) 
where UC = 2R/a. This means that a Dirac point entering the 
integration interval would appear as a dip in the 
Ob
O] curve and 
the position of the Lorentzian (equation 3) relative to the Dirac 
point would create asymmetry in the 
Ob
O] (see SI. 3 for a more 
detailed explanation). 
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As shown in Figure 3, the asymmetry and dip in  
Ob
O] can 
appear in four different forms depending on the doping of the 
graphene and whether the transport is HOMO or LUMO 
dominated (ie. if 2LKMNO  lies closest to the HOMO or closest to 
the LUMO), and if the graphene is electron doped the dip will 
appear at negative bias voltages. For systems with p-doped 
graphene, it appears at positive bias voltages. 
The broad minimum in the experimental differential 
conductance plot Figure 1 (e) suggests that there is a 
distribution of Dirac points within the device, associated with 
inhomogeneities in the doping. To simulate this effect in the 
modelling, we average twenty differential conductance plots 
(light grey in Figure 4 (a)) with slightly different Dirac points, 
whose average yields the red curve in Figure 4 (a). The fitted 
parameters in the red curve of Figure 4 (a) suggest that in the 
experiment, graphene is overall p-doped and transport is 
LUMO dominated.  
To check if this is consistent with the film properties, we 
performed Kelvin Force microscopy (KFM) and RAMAN 
spectroscopy measurements to determine the doping of the 
graphene in device IA3 (differential conductance shown in 
Figure 4 (b)). Figure 4 (c) shows the work function image of the 
graphene/BPDT/Au junction area (blue-ish square). From this 
image, it is clear that the graphene electrode over the 
BPDT/Au area is differently doped with respect to the 
graphene on the bare SiO2 surface. Within the junction area, 
the graphene lying on BPDT shows a distribution of surface 
properties. The specific patterns are attributed to the surface 
arrangement of the BPDT molecules after the solvent drying 
process. The blurry edges between electrodes and SiO2 are 
attributed to surface charging on the insulating SiO2 substrate. 
Figure 3. Four possible scenarios for the dip and asymmetry in dI/dV curve of graphene/BPDT/Au devices. The transport and 
graphene are (a) LUMO and p-doped (EDirac=0.1 and εm=0.5) (b) LUMO dominated, n-doped (EDirac=-0.1 and εm=0.5) (c) HOMO 
dominated, n-doped (EDirac=-0.1 and εm=-0.5) and (d) HOMO dominated, p-doped (EDirac=+0.1 and εm=-0.5). For all four scenarios 
Γ0=0.1, α=1 and z=1. In each quadrant, the transmission coefficient 1\2 vs energy E-EFGold (the energy, relative to the fermi 
energy of the gold) is plotted at various drain voltages VD (top graph), the differential conductance (dI/dV) and the current (I) 
versus the drain voltage are plotted (middle graphs left and right, respectively) and a schematic showing the position of the 
Fermi energy of the gold relative to graphene (bottom diagram).
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Statistical analysis of the work function difference within the 
junction areas is compared to that of the graphene on SiO2 
presented in Figure 4 (d). The centre of the distribution shifts 
negatively indicating that graphene is more p-doped when 
transferred onto BPDT in comparison with graphene on SiO2. 
The KFM images show the difference in work function with 
respect to the KFM tip’s work function; the absolute values of 
the peak positions do not provide quantitative information, 
but since they are offset by the same amount, the difference 
between the positions of the two peaks is a meaningful 
quantity.  Notably, CVD graphene under ambient conditions on 
SiO2, is always p-doped. This is due to the charge transfer to 
the substrate as well as adsorption of water molecules and 
other contaminations from air, which act as the hole 
dopants.
35
 In these vertical transport devices, graphene 
becomes more heavily p-doped when it is transferred onto 
BPDT, attributed to the combined influence of the BPDT 
molecules and the gold electrode at the far end of the 
graphene strip. 
36
 
Raman spectroscopy analysis is provided in Figure 4 (e) and 
(f). The white horizontal bar in Figure 4 (e) is a gold bottom 
electrode, whilst the darker grey square is the cross-plane 
BPDT-based junctions. Raman spectroscopy has been carried 
out across a similar area including graphene on BPDT (outlined 
as black dash line) and graphene on bare SiO2 (outlined as red 
dash line). The position of G band positively shifts from 1583 
cm
-1
 to 1584 cm
-1
, when graphene is doped by BPDT/Au stack. 
Positively shifted peaks indicate the graphene is p-doped as 
the theoretical model predicts. In addition to the shifted 
distribution centre, the full-width half-maximum (FWHM) of 
the distribution characteristics have also increased, indicating 
a more dispersed and inhomogeneous doping condition with 
the effect from BPDT/Au stack underneath.
30 
 
 
Figure 4 (a) The theoretical model (red) fit to the experimental dI/dV (blue) for the 
parameter 0C = 0.003, D = 1	, PC = 0.002, P' = 1, PO = 1	, :; = 0.1	cd_	 − 0.1 T
2C@EF<G T 0.4 . (b) The differential conductance characteristics of IA3 (minimum 
indicated by blue arrows). (c) KFM work function mappings of device IA3 with respect 
to the gold tip. (d) The corresponding statistical analysis of the work function across the 
junction area on BPDT of IA3 as well as one of the areas where graphene lies on the 
SiO2. (e) Optical images of the Raman mapped graphene areas on IA3. (f) 
Corresponding statistical analysis of G band position. 
In addition to the analytical model of equation (3), we 
performed DFT-based modelling of the geometry-optimised 
structure shown in Figure 1 (c), which is periodic in the 
transverse direction, using a combination of the DFT code 
SIESTA and the quantum transport code GOLLUM (See SI. 3 for 
more details).
31, 37
  At zero bias, Figure 5 (a) shows the 
computed transmission coefficient as a function of electron 
energy E. Since the graphene is doped in the experiments, we 
apply a small shift to the band structure of the graphene to 
mimic hole doping (Figure 5 (a) red curve) and electron doping 
(Figure 5 (a) blue curve), where the former is relevant to our 
experiments. To account for asymmetry in the junction, at 
finite source-drain voltage, we re-calculate the transmission 
coefficient at each source drain-voltage to yield the series of 
finite-bias transmission curves shown in Figure 5 (b), from 
which we obtain the finite-bias current and the differential 
conductance shown in Figure 5 (c) and (d) (see SI. 3 for more 
details). 
To obtain the latter, we noted that the work function of 
gold is greater than that of graphene, so electrons are 
expected to transfer from the graphene to the BPDT/Au 
complex. The positively-charged graphene acts like a positive 
electrostatic gate and lowers the energy levels of the SAM 
relative to the Fermi energy of gold. This moves the LUMO of 
the molecules closer to the gold Fermi energy and results in 
LUMO dominated transport, as also suggested by the 
analytical model. To account for this shift and the fact that the 
graphene doping varies over the area of the device, we 
computed the average of three I-V curves for Fermi energies of 
the gold in the range 0.60.1 eV. The resulting average I-V and 
dI/dV curves are shown in Figure 5 (c) and (d). The model 
captures all the essential features of the experimental curves. 
 
 
Figure 5. (a) Transport through a SAM with p-doped and n-doped graphene at zero bias 
voltage with 16 K points in the transverse direction. (b) The logarithm of transmission 
vs the energy relative to the Fermi energy of gold at various source drain voltages. (c) 
Comparison between experimental and theoretical current (d) comparison of the 
average calculated dI/dV for differently doped systems (blue) with the experimental 
dI/dV (red). The units of conductance and current used in these plots are eC = 2R//a 
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and  UC = 2R/a. Although the asymmetry and the lowest conductance point in _U/_? 
curve is similar to the experimental data, the absolute value of the calculated 
conductance is greater than that of experiment, in common with DFT transport 
calculations reported in the literature and therefore the vertical axes have been scaled 
to aid comparison.
37 
4. Conclusion 
 
In summary, the behaviour of cross-plane electron transport 
through a monolayer graphene/BPDT/Au junction has been 
investigated using a four-probe measurement. The asymmetric 
electrical transport characteristics observed in both I-V and 
dI/dV vs V measurements, arise from the asymmetric structure 
of the junction, combined with phase-coherent tunneling of 
electrons from the gold to the graphene via the SAM.  These 
are described using density functional theory and a generic 
analytic model, which captures the interplay between the 
energetics of molecular orbitals, the Dirac point of the 
graphene and inhomogeneity of doping across the area of the 
graphene electrode. 
We have conducted a systematic comparison between 
single-molecule conductance, the conductance in large area 
junctions as a function of junction area and combined with DFT 
modelling and taken together these strongly suggests that the 
architecture we have proposed here is remarkably successful 
as a mechanism for making efficient electrical contact to the 
organic SAMS layer. We estimate that between 10% and 100% 
of the molecules make electrical contact to the larger area 
electrodes and that in our smaller junctions, where area 
scaling and reproducibility is extremely robust this value 
approaches 100%. These results are encouraging and indicate 
that graphene/BPDT/Au sandwiches provide an efficient route 
to electrically contacting SAMS, while preserving cross-plane 
phase-coherent transport. 
 
Supplementary Information is uploaded separately. The 
python script for the analytical model is uploaded as 
“Supplementary Code” in addition to Supplementary 
Information. 
Conflicts of interest 
There are no conflicts to declare. 
Acknowledgements 
We thank Dr. Yi Li and Dr. Viktoryia Shautsova for the helpful 
discussion on the processing of KFM and Raman spectroscopy 
results. We thanks EPSRC for support through grants 
EP/N03337X/1 and EP/P027156/1.  
Notes 
‡
   The experimental value of conductance for single molecule 
between Au and graphene electrodes can be predicted using the 
calculated ratio, 
 
ef = egh/ij@k/gh\=l 
eAF<lm\n\/ij@k/gho<NG
egh/ij@k/gho<NG  
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 Experimental scalability of junction properties, in 
combination with theoretical transmission probability, 
demonstrate a significantly enhanced molecular connection. 
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